Soluplus, a graft copolymer of polyethylene glycol, vinyl caprolactam and vinyl acetate, is designed to solubilize poorly soluble active pharmaceutical ingredients. A straightforward aqueous gel permeation chromatography method that exploits both size exclusion and adsorption modes of separation was used to separate and quantify the related residual vinyl caprolactam monomer and caprolactam impurity present in Soluplus. This methodology offers a single step analysis of caprolactam and the residual vinyl caprolacatam monomer, yielding similar results to reversed-phase chromatography measurements, which are time-consuming and may involve multi-step sample preparation. The results of this study demonstrate that gel permeation chromatography provides a viable option to traditional reversed-phase chromatography in the quantitative analysis of residual caprolactam and vinyl caprolactam monomers and can be extended to other monomer-polymeric systems.
Introduction
Poorly water soluble drugs present a major challenge to the development of modern pharmaceuticals. The manufacturing of solid solutions is a primary way to overcome this hurdle. Soluplus (a registered trademark of BASF) is a polymeric solubilizer with an amphiphilic chemical structure, which was particularly developed for solid solutions (1) . Due to its bifunctional character, it is able to act as a matrix polymer for solid solutions on the one hand; on the other hand, it is capable of solubilizing poorly soluble drugs in aqueous media. Soluplus can increase the bioavailability of poorly soluble drugs. Other applications for Soluplus are its use as a binder in wet granulation or as a dry binder in direct compression, e.g., for poorly soluble drugs. Thus, its solubilization capacity can be used in a simple process method. Furthermore, Soluplus can also be used as an emulsifier in emulsions.
Soluplus is a polyvinyl caprolactam-polyvinyl acetatepolyethylene glycol graft copolymer. Figure 1 shows the structure of Soluplus. It is a free flowing white to slightly yellowish granule with a faint characteristic odor and practically no taste. The average molecular weight determined by gel permeation chromatography is in the range of 90,000-140,000 g/mol. Soluplus is soluble in water in any ratio. Furthermore, it is soluble in acetone (up to 50%), methanol (up to 45%), ethanol (up to 25%) and dimethylformamide (up to 50%).
Because the manufacturer's specifications call for controlling the level of caprolactam at a maximum of 10,000 ppm and that of vinyl caprolactam at 100 ppm, there was a need to develop a sensitive method. This is an extremely important measurement, particularly in personal care and pharmaceutical applications, because assurance that the residual monomer is reduced to a minimal and safe level is essential for the use of polymers produced by the free radical route. The manufacturer specification limit of caprolactam is based on the no-observed-adverse-effect level (NOAEL) value (342 mg/kg BW) determined on rats. From this NOAEL value, an allowable daily intake (ADI) 3.42 mg/kg BW has been calculated for humans.
Traditional methods such as gas chromatography (GC) and high-performance liquid chromatography (HPLC) have certain limitations for this kind of measurement. Because of the relative insensitivity of the GC's flame ionization detector versus that of the LC's ultraviolet (UV) detector, and the possibility of polymer degradation to the monomer in the instrument injector port, GC is not considered an optimal methodology for trace levels of monomer. Reversed-phase (RP) HPLC can be a specific and sensitive tool in quantification, but it is time consuming, because this methodology often requires the use of a back-flush technique to avoid exposing the analytical column to the polymer. Also, to separate the polymer from low molecular weight species such as residual monomers, the RP-HPLC methodology requires the use of molecular weight cutoff filters, thereby adding to overall analysis time In recent years, size exclusion chromatography (SEC) or gel permeation chromatography (GPC) have been introduced as high throughput methods for the fast and efficient separation of macromolecules. Almost all of the studies in polymer analysis and biological separations such as proteins, glucans and cellulose derivatives focused on the traditional use of GPC, such as the qualitative determination of the molecular weight range of the polymer or quantitative determination in formulations and products; the studies typically ignored the elution of low molecular weight species such as unreacted monomers at or after the chromatographic total permeation point in the chromatography (2 -13). Among multi-modal separation, although the most common mechanism is a reversed-phase ion exchange combination technique, mechanisms such as SEC are unlikely or rarely thought of as promising candidates for a mixed mode methodology for monomer and polymer separations. The aim of this study is to evaluate and demonstrate that GPC represents an elegant means of separating and analyzing residual monomers (and other small non-polymer molecules) from the principal polymeric species.
Experimental

Apparatus
The HPLC system used for this experiment was an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA) which consisted of a degasser (G1322A), a quaternary pump (G1311A), a diode array detector (DAD, G1315A), a column compartment (G1316A) and an autosampler (G1329A). Chromatographic data were acquired by using Empower 2 software (Waters, Milford, MA). For GPC, the HPLC column was an OHpak SB-804 HQ (300 mm long, 8.0 mm i.d., 10 mM particles, exclusion limit 1 Â 10 6 , Shodex Part F6429103). For reversed-phase separation, the HPLC column was a SunFire C18 (150 mm long, 4.6 mm i.d., 3.5 mM particles, Waters).
Reagents and chemicals
The raw Soluplus material was purchased from BASF AG (Ludwigshafen, Germany). HPLC-grade methanol and acetonitrile were obtained from Sigma-Aldrich (St. Louis, MO). Deionized water was obtained from a Milli-Q system (Millipore, Billerica, MA). Caprolactam and vinyl caprolactam were purchased from Sigma-Aldrich.
Preparation of solutions
For GPC separations, premixed 50% methanol in water was used as the mobile phase and also as sample diluent. Standard solutions were prepared in sample diluent to afford final working concentrations of 25 mg/mL (1,000 ppm) for caprolacatam and 1.25 mg/mL (50 ppm) for vinyl caprolactam. Soluplus sample solutions were prepared at 25 mg/mL concentration in sample diluent.
For reversed-phase separations, standard solutions were prepared in 50% methanol in water to afford final working concentrations of 250 mg/mL for caprolacatam and 2.5 mg/mL for vinyl caprolactam. Soluplus sample solutions were prepared in 50% methanol in water at a concentration of 25 mg/mL.
Chromatographic conditions
All GPC separations were performed at 258C with a flow rate of 1 mL/min during the length of the run (20 min). The injection volume was 50 mL. UV detection was performed at 205 nm for caprolactam and 235 nm for vinyl caprolactam. The mobile phase was 50% methanol in water. The quantitation limit was 2.5 mg/mL (100 ppm) for caprolactam and 0.625 mg/mL (25 ppm) for vinyl caprolactam.
All reversed-phase separations were performed at 308C with a flow rate of 1 mL/min during the length of the run (30 min). The injection volume was 10 mL. UV detection was performed at 236 nm for caprolactam and vinyl caprolactam. Reversed-phase HPLC was developed/validated by Lancaster Laboratories (contract laboratory for Boehringer Ingelheim) and reported for comparison purposes only. The mobile phase was 20% acetonitrile in water (v/v). The quantitation limit was 2.5 mg/mL for caprolactam and 0.025 mg/mL for vinyl caprolactam.
Results
Validation parameters
The GPC method was validated to demonstrate that it is suitable for its intended purpose by the standard procedure to evaluate adequate validation characteristics as per International Conference on Harmonization (ICH) guidelines (specificity, linearity, precision/accuracy, linearity, sensitivity and solution stability).
Specificity
Specificity was determined from the sample matrix and components of diluents. Because caprolacatam and vinyl caprolactam are part of the manufacturing process, it is unlikely that a sample matrix truly free of these analytes will be attainable; therefore, the specificity of the method can only be inferred by obtaining acceptable accuracy recovery data. A photodiode array detector was used during validation to ensure that no interfering compounds from sample matrix co-eluted with caprolcatam and vinyl caprolactam. Figure 2 shows the analysis of Soluplus ( polymer), demonstrating the specificity of caprolactam from sample matrix. Because vinyl caprolactam was not detected in the sample, the chromatogram at 235 nm is not displayed. Figure 3 shows a standard chromatogram for caprolactam with 50% methanol in water as the mobile phase and UV detection at 205 nm.
Linearity
The linearity of caprolactam was satisfactorily demonstrated with a seven-point calibration plot between 2.5 and 375 mg/mL (100-15,000 ppm with respect to a sample concentration of 25 mg/mL). Also, the linearity of vinyl caprolactam was satisfactorily demonstrated with a seven-point calibration plot between 0.625 and 3.75 mg/mL (25-150 ppm with respect to a sample concentration of 25 mg/mL). The peak area versus concentration data was performed by least-squares linear regression analysis. The calibration curve was produced by plotting the average area of duplicate injections of each solution against the concentration, expressed in ppm. The method was linear in this range, with R 2 values of 0.996 for caprolactam and 0.998 for vinyl caprolactam.
Accuracy (recovery)
The accuracy of the method was verified by the analysis of spiked Soluplus samples in the range of 2.5 to 375 mg/mL (100 to 15,000 ppm based on sample concentration of 25 mg/mL) of caprolactam and in the range of 0.625 to 3.75 mg/mL (25 to 150 ppm based on sample concentration of 25 mg/mL) vinyl caprolactam. Three separate preparations were made at levels of the limit of quantification (LOQ), 50 and 150% and six preparations were analyzed at the level of 100%. Each preparation was injected once. The Soluplus sample that was not spiked was injected once as control. The results are summarized in Table I . The results show that the method is able to accurately quantitate caprolactam and vinyl caprolactam within the studied range.
Sample analysis
For the purpose of verification, one Soluplus batch was analyzed according to the procedure. Two sample preparations and one injection were made per preparation. The average result for this batch is shown in Table II . Table II also indicates that comparable results to reversed-phase chromatography were obtained by using GPC methodology during the analysis of caprolactam and residual vinyl caprolacatam monomers.
Quantitation and detection limits
The quantitation limit (QL) was estimated by using the signal-to-noise ratio (S/N) of the monomers in duplicate injections of 100 and 33 ppm linearity solutions for caprolactam and 25 and 8 ppm linearity solutions for vinyl caprolactam.
The S/N for the 100 ppm solution ranged from 15 to 16 for caprolactam. The QL was conservatively estimated for an S/N of 10 to be 100 ppm relative to the Soluplus. The detection limit (DL) was estimated as one-third of the QL level or 33 ppm of the Soluplus.
The S/N for the 25 ppm solution ranged from 11 to 12 for vinyl caprolactam. The QL was conservatively estimated for an S/N of 10 to be 25 ppm relative to the Soluplus. The DL was estimated as one-third of the QL level or 8 ppm of the Soluplus. The results indicate that the method was sensitive for the intended purpose.
Solution stability
Finally, to assess sample stability, standard and sample solutions were stored at room temperature and tested after 29 h against a freshly prepared standard. No additional peaks were detected and results were within 2% of initial, confirming the stability of the solutions. 
Discussion
Method development
The primary goal during method development was to evaluate mixed mode separation on GPC columns and to possibly develop a simple isocratic method that separates monomeric impurities such as caprolactam and vinyl caprolactam from the polymer matrix (Soluplus). SB-800 HQ columns are polymerbased ( polyhydroxymethacrylate) packed columns that are mostly used for the molecular weight distribution analysis of water-soluble polymers. These mixed mode columns that were chosen for evaluation allow some elements of traditional HPLC interactions to cause the delayed retention of certain species on the column. The OHpak SB-804 HQ column was specifically chosen based on its exclusion limit. In this case, the ability to derive molecular weight information from the retention time is sacrificed to achieve resolution, because the primary objective was to separate the monomeric impurities from polymers.
UV detection was selected for this work because caprolactam and vinyl caprolactam both have chromophores in the UV range, with a maximum at 205 nm for caprolactam and 235 nm for vinyl caprolactam. Although the UV detector is possibly the most versatile and useful detector in HPLC, it is not as widely used in GPC because many polymers do not absorb electromagnetic radiation in the UV range. Other detectors such as refractive index or light scattering are more commonly used, but quantitation and method validation are often challenging with these (14) . In this study, because a UV detector was used, the ideal mobile phase should also have a low UV absorbance.
Mobile phase selection is important to avoid enthalpy interactions between the analyte and the packing material. A variety of solvents are compatible with SB-800 columns, so the selection process was based on the chemical structure and ionic nature of the analyte. Because the sample has both hydrophilic and hydrophobic parts, there was the possibility of hydrophobic interaction existing between the sample and the packing material. Also, differences in viscosity between the sample diluent and mobile phase can lead to band broadening and peak distortion. Considering all of these facts and the extremely high solubility of the polymer in polar organic solvents, premixed methanol in water (50:50%, v/v) was selected as both the mobile phase and the sample diluent.
During the development of an aqueous GPC method, it was observed that a peak eluted at a retention time beyond the total permeation point in the separation. Because GPC separation is truly governed by entropic effects, there should not have been any impurity that elutes beyond this point unless a mixed mode separation is involved (15, 16) . The initial guess was that the unknown peak was due to a residual vinyl caprolactam monomer or trace caprolactam impurity. By standard addition, this impurity was confirmed to be caprolactam. Also, from an additional spiking study, the specificity was observed for vinyl caprolactam from the caprolactam and polymer peak. It is possible that the exclusion of polymers is by the expected size exclusion mechanism (entropic), whereas the retention of monomeric impurities is by an enthalpic mechanism (adsorption). Therefore, under appropriate stationary phase conditions, GPC has the potential to separate the vinyl caprolactam monomer and caprolactam impurity from the polymer and solvent regions of the chromatogram and to quantitatively determine their concentrations in the sample.
Conclusions
A new method was developed for the determination of caprolactam and vinyl caprolactam monomer in Soluplus graft copolymer using GPC -UV, with the quantitation of a peak of monomeric impurities eluting beyond the total permeation point. This unique combination separated caprolactam and vinyl caprolactam from the polymer peak and provided a viable alternative to the RP-HPLC methodology for quantitative analysis. Because neither a column back-flushing ( post-column) step nor the use of a high molecular weight cutoff filter pre-column is required, the GPC technique offers significant advantages over reversedphase methodology in terms of analysis time and material cost savings. This mixed mode technique provides a model for the quantification of residual monomeric components in polymer manufacturing and can be extended to other vinyl monomer/ polymer (macromolecular matrix) systems. 
